A hydrogenation process of palladium has been studied by acoustic emission (AE) methods with a new gas pressure cell. By using noble Ar gas, the AE events were observed intermittently for the stepwise pressurization. On the repetition of the re-pressurization, the AE events showed the Kaiser effect, i.e., a dislocation motion induced effect. The typical power spectrum of AE signal by noble gas demonstrated the fundamental signal modes of 250 and 550 kHz. By the hydrogen gas re-pressurization, the characteristic AE behavior was recognized as following: (1) The continuous AE events were observed by the stepwise pressurization, (2) in the early stage of primary H solid solution of Pd, the fundamental AE modes were measured as 250 and 550 kHz, (3) in the hydride formation stage, the continuous AE events were also observed, and the typical AE mode was changed to 250 kHz mainly. The hydride formation mechanism was discussed on the basis of the dislocation theory.
Introduction
There are a lot of interests in the formation mechanism of metallic hydride. In a case of palladiumhydrogen (PdH) system, the solubility of hydrogen, x, increases with increasing pressure of H 2 gas, p, at a given temperature as a function of the square-root of p.
1) The dissolution and diffusion measurements show that the penetration time of H in Pd sheet of 140 µm is 67 s at 297 K.
2) The occupied spaces of H are the interstitial octahedral (O) sites of Pd. The number of O sites in the fcc lattice is equal to that of the host Pd atom and palladium absorbs large amounts of hydrogen, up to x = [H]/[Pd] = 1, 3) where the square brackets [B] means the number of B atoms. The concentration range of around x < 0.01 is called primary solid solution ¡ phase, and x > 0.6 is hydride ¢ phase at room temperature. Except for the regions is ¡ + ¢ two phases, i.e., the spinodal decomposition region due to the long-range attractive HH interaction.
3) The volume expansion of the host lattice in the ¡ to ¢ transition is ¦V = 1.57 cm 3 /g-atom of H. 4) The free energy of PdH system has been measured by thermal analysis and/or electrochemical methods and the formation mechanism of Pd hydride was interpreted on the basis of the lattice relaxation energy and the change of Fermi energy. 57) Acoustic emission (AE) measurements are useful investing method for dislocation motion caused by applied stress and/ or lattice distortion. 810) In this paper, we will propose an AE measurement method by using gas pressure technique in order to obtain the dynamical information of hydrogenation process of palladium.
Experimental Procedure
A plate of Pd of 99.9 at% purity was cold-rolled to a sheet of about 100 µm thick and annealed at 1173 K for 60 min in argon (Ar) 95 mol% and hydrogen (H 2 ) 5 mol% mixed gas.
The sheet was cut into circular form of around 36 mmº to set a gas pressure brassware cell shown in Fig. 1 . The specimen sheet was clamped together at the roundness edges of the cell. Pressure gas was introduced from the left hand side in the figure. The "PG" in the figure means the pressure transducer (Copal Electronics; PA-830-103G) and the "PGA" is a simple pressure gage. The right hand chamber was safety zone for the specimen brittle fracture, where it was on an atmospheric pressure. Each AE sensor was a PAC's model WD (TM of Physical Acoustics Corporation) with the operating frequency range of 1001000 kHz and was arranged the opposite for localization measurements. The "TC" in the figure means thermocouple. The block diagram of AE measurement system is shown in Fig. 2 . The system was controlled by LabView (TM of National Instruments) language program. Each preamplifier was a PAC's 1220 (TM) with gain of 60 dB and a band-pass filter of 100 1200 kHz. The threshold value of U-Plot (TM of NF Electronic Instruments; 9502) of an AE analyzer was fixed at 63 dB for an AE event count level and a sampling trigger one, where the threshold level L of U-Plot is defined by 1 V = 100 dB, i.e., L(dB) = 20 log(V(V) © 10 5 ). AE signals were captured by the trigger of U-Plot by using an analog input card (ADLINK Technology Inc.; NuDAQ PCI-9812) with the analog input resolution of 12-bit and the A/D sampling rate of 10 MHz. Their power spectrum were executed by using fast Fourier transformation (FFT) computation.
As a standard gas, Ar was used by using gas purge replacement method. Pressurization was performed from normal pressure of 0.1 to 0.7 MPa by the 0.15 MPa with time interval of 600 s. After pressure-of-arrival of 0.7 MPa, repressurization was carried out with Ar gas through the same procedures from 0.1 to 0.7 MPa. After second arrivalpressurized by Ar, H 2 gas was introduced into the cell by gas purge replacement method at the normal pressure. And then, the pressurization by H 2 gas was executed from 0.1 to 0.6 MPa by the 0.25 MPa and was kept constant at 0.6 MPa. A typical specimen form before and after pressurization was shown in Fig. 3 .
Experimental Results and Evaluations
3.1 AE measurements by using standard Ar gas Figure 4 shows typical AE signals of a Pd specimen by using Ar gas, where the choices of signal (1), (2) and (3) were done randomly at 600, 1200 and 1800 s, respectively. The beginning in a signal is noise. The threshold level at 63 dB of U-Plot corresponds to 0.014 V of the amplitude in the figure. The sampling interval of AE signal was 400 µs from the sampling trigger and the pretriger setting was 40 µs. Figure 5 is typical AE power spectra of Pd pressurized by Ar gas. The spectrum (1) to (3) in the figure was the FFT spectrum of the AE signal (1) to (3) in Fig. 3 , respectively. The data sheet of the AE sensor shows that the resonant frequency of WD is at 125 and 650 kHz. Accordingly, the feature of the AE power spectra of the Pd pressurized by Ar gas was two intensity peaks around 250 and 550 kHz. The intensity of two peaks were the same order on the average, and, their half width were around 100 kHz, respectively. The wide half width may be caused by various energies due to a burst of AE events. Figure 6 (1) shows the frequency of AE events per 1 s of the Pd on Ar pressuring process, i.e., an AE events time histogram in a time interval of 1 s. The cumulative AE event counts is described in Fig. 6 (2). In the first step, pressurization was executed from the normal pressure of 0.1 to 0.7 MPa. The AE events happened and concentrated at the times of the 600, 1200, 1800 and 2400 s just on the pressuring operation in a time interval of 1 s. After pressureof-arrival of 0.7 MPa, second re-pressurization was carried out with Ar gas by the same procedures from 0.1 to 0.7 MPa. In the second step, AE events were not detected up to the 0.7 MPa as is recognized in the figure. This phenomenon is known as the Kaiser effect. That is, the AE event has its maximum for an occurrence of a distinctive yield strength, and accordingly, the AE is strongly influenced by inhomogeneous slip of the so-called slip dislocation. 8, 9) The total amount of event counts for the Pd sheet specimen using Ar gas was about 2500 counts under the present experimental conditions. 
AE measurements of the Pd hydrogenation process
The hydrogenation process of the Pd was investigated in on the Kaiser effect. That is, by using the Pd specimen which was pre-pressurized up to 0.7 MPa by Ar gas, none of the AE events will be expected to occur up to pressure-of-arrival of 0.7 MPa by the Kaiser effect. Figures 7(1) and 7(2) show the frequency of AE events per 1 s and the cumulative AE event counts of the Pd pressurized by H 2 gas, respectively. This process was in the third step from the initial-pressurization by Ar. The H 2 gas pressurization was executed from the normal pressure of 0.1 to 0.35 MPa at 600 s, and, was kept constant at 0.6 MPa after 1200 s. The experimental results on the event counts differ from those of Ar gas. The AE events in the hydrogenation process of Pd were happened "continually" even under the pressure-of-arrival. That is, this suggests a different AE generation mechanism on the palladium hydrogenation process. The total amount of event counts in the hydrogenation process of the Pd was around 300 counts, which was equal to about 1/10 of the applied stress by Ar gas.
In order to investigate the details of the hydrogenation process of the Pd, the X-ray diffraction (XRD) measurements were done at the 1800 s from stating the hydrogenation measurement and the 3600 s, where XRD measurements were done by using a specimen prepared by tracing method of the hydrogenation process of Pd. The XRD profile at 1800 s is given by Fig. 8(a) . This profile means that the state of hydrogen in Pd was mainly in the ¡ hydrogen solution phase. The amount of absorbed hydrogen was evaluated as around [H]/[Pd] = 0.1.
5) The other profile at 3600 s is given by Fig. 8(b) . This profile means that the hydrogen situation in Pd was in the ¢ hydride phase. The amount of absorbed hydrogen was evaluated as around [H]/[Pd] = 0.6. 5) Typical AE power spectra of the hydrogenation process of the Pd around at 1800 s in Fig. 9 , where the AE signals are shown in Fig. A1 in appendix. The power spectrum (4) to (6) in the figure correspond to the AE signal (4) to (6) in Fig. A1 . (1) frequency of AE events per 1 s, (2) cumulative AE event counts. The feature of the AE power spectra of the Pd pressurized by H 2 gas was the intensity peaks around 250 and 550 kHz, and, each intensity of two peaks were the same order on the average, and, their half width were around 100 kHz, respectively. Figure 10 is typical AE power spectra of the hydrogenation process of the Pd around at 3600 s, where the AE signals are shown in Fig. A2 in appendix. The power spectrum (7) to (9) in the figure correspond to the AE signal (7) to (9) in Fig. A2 . The feature of the AE power spectra around at 3600 s was the intensity peaks was mainly 250 kHz with a narrow half width of around 20 kHz. This narrow half width suggests a simple AE event process.
Experimental Analyses and Discussions
The Kaiser effect revealed that the AE is induced by inhomogeneous slip of the slip dislocation. 8, 9) In order to evaluate the slip dislocation energy, we will introduce perfect dislocation and partial dislocation caused in fcc metal. The slip dislocation energy U is given by
in an approximate form. In this equation G is shear modulus, and b means the Burgers vector. The Burgers vector of the fcc perfect dislocation for the slip direction h1 10i is
where a means the lattice constant. 11) That of the partial dislocation is given by
Accordingly, the ratio of partial dislocation energy to perfect one is rewritten as
that is,
The above result will advise about the AE generation mechanism of Pd. In the AE generation mechanism by using standard Ar gas, the AE frequency peak around 250 and 550 kHz as was shown in Fig. 4 should be due to the partial dislocation and perfect one, respectively. The normalized intensity of I aver 250 is 0.51 and that of I aver 550 is 0.49 in each subtotal width of «100 kHz, that is, I aver 250 was subtotal intensity of full width from 150 to 350 kHz of the (1) to (3) power spectrum and that of I aver 550 was that from 450 to 650 kHz of the same frequency range. The intensity ratio should be suggest the frequency ratio of the partial slip dislocation and the perfect one. However, the influence of the sensitivity of the sensor, the wave propagation in the cell and the like did not take into account in this evaluation.
The AE generation mechanism of the hydrogenation process of Pd has different ways from the dislocation motion caused by applied stress and/or lattice distortion pressurized by Ar. That is, the AE events in the hydrogenation process of Pd were induced "continually" as was shown in Fig. 7 . The AE power spectra as was shown in Figs. 9 and 10 change drastically within the hydrogenation process. In the ¡ hydrogen solution phase at the 1800 s stating from the measurement, the normalized intensity of I aver 250 is 0.48 and that of I aver 550 is 0.52 in each subtotal width of «100 kHz for the (4) to (6) power spectrum. In the ¢ hydride phase at the 3600 s, I aver 250 has been increasing to 0.75 and I aver 550 is 0.25 in each subtotal width of «40 kHz for the (7) to (9) power spectrum. These experimental results will indicate the dynamical mechanism of hydride formation of PdH system.
In order to investigate the details of the slip dislocation induced by the hydrogen, we have tested the outgassing process by using the AE method. The hydrogen gas was replaced by the normal pressure Ar by purging method. That is, the hydrogenated Pd with 0.6 MPa H 2 gas was decompressed to the normal pressure by using Ar gas purge replacement method, where the outgassing process of Pd hydride under various atmospheric conditions has been reported as a function of elapsed time by gravimetric method in a previous paper.
12 ) The previous results showed that the hydrogen outgassing process of Pd was suppressed in a noble gas. Figure 11 shows the AE events time histogram of the outgassing process from the PdH 0.6 system in a time interval of 100 min. The event frequency was a little rare. The total amount of event counts in the outgassing process from the PdH 0.6 system was very few and was equal to about 1/10 of the hydrogenation process of Pd, where the AE measurement condition of the threshold value was 63 dB. The AE signal turned to a weak and short wave-packet's signal, for instance, after 30 min from the stating of the outgassing process. Figure 12 shows typical AE power spectra in the outgassing process from the PdH 0.6 system at 6, 91 and 1180 min from the stating at the normal pressure of 0.1 MPa of Ar purge replacement environment. The feature of the AE power spectra of the hydrogen outgassing process seems to be contrary course of the hydrogenated one, that is, the intensity peak of 250 kHz turned to that of both 250 and 550 kHz.
Conclusions
The AE events were observed by using a new gas pressure cell. The experimental results by Ar gas pressurization showed as following: (1) AE events happened just at the times of pressurization as was shown in Fig. 6 , (2) the Kaiser effect was recognized in the re-pressurization process as was shown in Fig. 6, (3) the power spectrum of AE signal by noble gas showed the fundamental signals of 250 and 550 kHz in Fig. 5, (4) the intensity of the power spectrum I aver 250 was 0.51 and that of I aver 550 was 0.49 in Fig. 5 . In order to investigate the details of the hydrogenation process of Pd, the AE events were observed by H 2 repressurization of the third pressuring process. The experimental results were different from those of Ar gas as following: (5) The AE events in the hydrogenation process of Pd happened "continually" as was shown in Fig. 7 , (6) the total amount of event counts in the hydrogenation process by H 2 gas wasequal to about 1/10 of the applied stress by Ar, (7) in the early stage of primary H solid solution of Pd, the intensity of the power spectrum I was increasing to 0.75 and I aver 550 was 0.25. The slip dislocation energy of partial and perfect is evaluated by U partial : U perfect = 1 : 3 indicate that the AE 250 and 550 kHz should depend on the partial dislocation and perfect one, respectively. Accordingly, we may propose the dynamical hydride formation mechanism with partial dislocation of Pd lattice. 
